Abstract
Introduction
In recent years, many power converter techniques have been developed for integrating wind turbine generation systems in the electrical grid [1, 2, 3, 4] . However, there are not many works focused on 'Micro Wind Turbines', especially for those up to 1 kW. These kinds of turbines are currently used [5] in stand-alone systems and to feed isolated and small communities like country villages or rural schools [6] . Batteries are widely used in standalone small wind turbine generator systems to store the energy surplus and supply the load in case of low renewable energy production [7] . Nevertheless, the systems efficiency depends on many factors such as the converter topology and the controller. These configurations have been studied in [8, 9, 10, 11] .
The present paper deals with the modelling of the entire electromechanical system of a micro-wind turbine including a controller to extract the maximum power available from the wind. The model is addressed by considering the turbine components, identified experimentally and using data provided by MSC Adams aerodynamic and mechanical simulation. Simulations are performed using Matlab/Simulink, including simplified mechanical models and detailed electrical and control parts.
System description
The wind turbine generation system studied, IT-PE-100 developed by ITDG-Practical Action (Fig. 1) , [12, 13] consists basically in a fixed-pitch three-bladed, horizontal axis micro-wind turbine coupled through a direct transmission to an axial flux permanent magnet synchronous generator [14] . A three phase diode bridge rectifier and a battery charger are used to charge a battery bank.
In order to achieve the maximum power tracking and output voltage regulation within a wide range of wind speed variation, it is proposed a configuration which includes a dc-dc buck converter, a three-phase rectifier and a battery bank (Fig. 2) . This configuration avoids the use of mechanical sensors to not increase the installation and maintenance cost. For this reason, it provides a simple and economical stand-alone wind energy system. The system has two controllers of different nature:
-the passive mechanical control, which limits the maximum power obtained from the wind by using a passive controlled yaw mechanism based on a non aligned wind turbine rotor and a free furling tail; -the electrical control, which handles to feed the batteries with an appropriate constant dc voltage regulating the duty cycle of the buck converter; the converter is capable of increasing or decreasing the input voltage (rectifier output side); hence, increased energy capture will be possible both at the high and the low end of the speed range.
The two control systems interact so that at low wind speeds the electrical control system maximizes the power captured from the
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Modelling
The system simulations have been carried out using Matlab/Simulink ® . To study the dynamical response in Matlab, the system model has been separated in different functional subsystems: the wind turbine, the transmission and the control block are implemented using equation model blocks while the electrical subsystem uses the SimPowerSystemsTM library.
A mechanical simulation including the furling tail and friction forces has been done using the MSC.Adams software linked with NTWC AeroDyn software library [15] . An example model block is shown in Fig. 3 .
This simulation has allowed to obtain the turbine characteristic parameters, specifically: the curves shown in Fig. 4 and the turbine inertia.
Mechanical subsystem
The mechanical subsystem contains the equations that approximate the behaviour of the wind turbine and the transmission:
The Simulink model of turbine takes as input the wind speed v w , the rotational speed of the turbine ω t and gives as output the turbine torque, Γ t . The mechanical power developed by a wind turbine rotor varies according to the equation:
(1) And the torque: Fig. 4 , where ϕ is the turn angle of the turbine rotor against the wind flow.
In order to simplify the study, the case taken into consideration for electrical and control purposes is when ϕ = 0°. This curve corresponds to the orientation of the rotor turbine that captures the maximum power, i.e. when the rotor is perpendicular to the wind flow.
The transmission block implements the system described by the differential equation (3) . The model takes as input torque of the turbine and the engine torque and gives as output the rotation speed of the shaft coupling between the turbine and motor.
Where: Γ w Generator torque J Turbine inertia
Electrical subsystem
The electric circuit model of Simulink ® implements the equations of an axial flux permanent magnet synchronous machine (AFPMSG), the rectifier, the buck converter and the battery. These media have been implemented using SimPowerSystems TM . The model takes as input the rotational speed of the turbine and a digital signal from the control system, which controls the duty cycle of the buck converter. The outputs are the stator voltages, the converter output voltage and the generator torque. The electric circuit implemented is shown in Fig. 5 .
The permanent magnet synchronous generator has been modelled as an AC voltage source in series with an inductor and a resistor. The amplitude and frequency of this source depends on the rota- 
Where: K t Peak per phase torque constant I s Stator current
The rectifier is an uncontrolled diode bridge composed of six diodes. The buck converter consists of a power MOSFET as a switch, a diode, an inductor and a filter capacitor. The function of the converter is to vary the DC voltage on its input side (which is the rectifier output voltage) according a signal provided by a controller. The battery bank may be represented as a voltage source connected in series with a resistance. This model is a simplified version of a more detailed model of lead-acid batteries reported in [16] .
Control subsystem
This subsystem, shown in Fig. 6 , is a sensorless power tracker. It is divided in two blocks: the control converter block, which obtains the DC desired voltage from the rotational speed and the PLL to compute the rotational wind turbine speed from the threephase generator output voltages.
The control block implements the regulation of the bus voltage using two inputs, the reference value of input voltage to the converter, v dc , which is calculated with an expression as a function of the turbine rotational speed, and the constant voltage on the edge of the converter fixed by the battery, v bat . The output is a digital PWM signal to control the MOSFET of the buck converter.
The PLL block contains the Park matrix and a proportional-integral controller (PI) to get the speed of the three-phase input voltages. These input voltages are the terminal voltages of the generator. The block output is the rotational speed of the turbine.
Control algorithm
The objective is to work at the optimum tip-speed ratio, that is, when the turbine produces the maximum power. In this case the mechanical torque developed by the turbine is still a function proportional to the square of the speed.
Where:
Γ topt target torque developed by de turbine C p,max maximum power-coefficient ϕ opt target tip-speed ratio A common way to accomplish this goal is to use the known constant tip speed ratio control. In steady state the rotational speed of the shaft coupling is constant. Thus, the dynamic equation that modelled the transmission system (3) is balanced pairs: Γ t -Γ m = 0. From which it is possible to relate the optimal parameters of turbine with the generator variables and obtain an expression of the optimal stator current as a function of the characteristic system parameters. Rearranging (6) and (7):
Considering the circuit modelled in Fig. 7 , an approximation of the rectifier dc-link voltage may be obtained using the standard equations of a three phase full bridge diode rectifier with line inductance in series with a resistance [17, 18] . Replacing in (9) the induced voltage (3) and stator current by the characteristic parameters of the generator and the turbine parameters at the optimum (8), it is possible to express the optimal rectifier output voltage based on the rotational speed:
As a result, the duty cycle of the converter, which is the output control subsystem signal, is:
v bat terminal battery voltage.
Simulation study
In order to evaluate the dynamic performance of the system and the control operation, an example using a wind-speed variation was developed. The range of wind speed values was chosen taking into account the average wind speed in the area with the highest wind potential in Peru, where the studied wind turbines are located [19] . This is placed on the coast and in some areas of the sierra (Fig. 8) and takes the average wind of 6 m/s at an altitude of 10 m.
The wind speed function is introduced as a step series from 5 m/s to 6,5m/s. Each wind step is maintained during an interval of 20s.
The simulation starts at the t = 30s, where the system is in steady state, and finishes at t = 110s.
The wind turbine system parameters used in the simulation are shown in Tab. 1. These parameters were obtained from the IT-PE-100 data manuals and the test performed by using the test platform shown in Fig. 9 . In this test platform, wind is emulated with an induction motor controlled by a frequency converter. The emulator is mechanically attached to the PMSG. A sudden increase in wind speed causes a transition in that the value decreases and the λ value increases (Fig. 10) until the system stabilizes in an equilibrium point (C p = 0,3786, λ = 4, 498) near the λ opt which corresponds to the C p,max .
The wind gust causes an increase in the torque transmitted from the turbine to the generator (Fig. 11) . The turbine in response will try to accelerate. As a consequence, the power increases.
The turbine acceleration results in an increase on the generator electrical frequency, which in turn causes an increase in the v * dc desired voltage of the control system (Fig. 12) .
Moreover, considering the case in what the wind speed falls from 6,5 m/s to 5 m/s, λ increase and C p decrease (Fig. 10 ) until a new equilibrium point (C p = 0,3614 λ = 5, 246). The turbine torque will fall and the inductance and inertia will act as a braking device for slowing the rotational speed (Fig. 11 ).
This speed reduction will decrease the electrical frequency which in turn will reduce the dc bus voltage.
Comparing the performance of the controlled and uncontrolled current system (IT-PE-100 wind turbine model) another simula- tion using a time series of wind with a turbulent flow had been done. It can be seen, in Fig. 13 , that while the C p in the controlled case remains to an approximate value of 0,37, on the uncontrolled case (IT-PE-100) almost does not exceed 0,3 and its average value is 0,24. With regard to the λ value in the controlled case the range vary from a minimum of 4,06 to a maximum of 5,89, which is close to the λ opt . On the contrary the λ range of IT-PE-100 vary between 6,75 -10,06. The Fig. 13 shows that while the C p , in the controlled system, keeps a range of 0,3446-0,3865 the IT-PE-100 keeps very low turbine efficiency: C p vary from 0,1021 to 0,3170. Fig. 14 shows the evolution of the turbine rotational speed and the generated power in both cases. The speed in the controlled system is smaller than in the uncontrolled case. As to the generated power, it can be seen that the controlled system, with the DC/DC converter, transmits more power than the IT-PE-100 system. An increase of more than 38% in total energy converted to dc is predicted over the course of simulation.
Conclusion
One way of optimizing the power converting capabilities of a wind turbine is to run the turbine at its peak power coefficient. An algorithm was developed for this type of control using a variable speed turbine. The approaches done to model the system had been incorporated in Matlab and the simulations done indicate that the proposed simple open-loop control can offer significant advantages over a constant dc system. With this new system the rotational speed is reduced, which means that the items subject to rotating forces have less wear. Also, there is an improvement in the system efficiency; as a consequence there is an increase of the energy generated. 
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